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Abstract
Rector neutrinos have been a tool to investigate neutrino properties for more than 60 years.
The reactor neutrino flux was measured throughout 80s-90s. In the 2000s, reactor neutrino
oscillations at large baselines were observed by the KamLAND experiment and later in 2012
at short baselines by the Daya Bay, Double Chooz and RENO experiments. Reactor neutrino
experiments have significantly contributed to our current knowledge of oscillation parameters.
The detector technology has been majorly improved over decades and we have entered era of
precise measurements. The recent absolute measurement reactor neutrino flux and spectral
shape revealed deviations from the prediction model, known as reactor antineutrino flux and
spectrum shape anomalies. In this article, we review the latest development in short baseline
reactor experiments and we discuss observed anomalies.
1 Introduction
Nuclear reactors are a powerful source of pure electron antineutrinos with energy up to ∼10 MeV.
They have been used to study neutrino properties for more than 60 years. The history of reactor
neutrino measurements started with the discovery of electron neutrino by Cowan and Reines in the
famous Savannah River experiment [1]. With the spread of nuclear reactors, the 80s-90s saw the
advent of many short baseline measurements of reactor neutrino flux and spectrum [2, 3, 4, 5, 6].
Reactor neutrino experiments contributed also to the establishment of neutrino oscillations starting
with KamLAND’s measurement of ∆m221-driven neutrino oscillations at long baselines [7].
The current generation of large scale liquid scintillator reactor neutrino experiments, Daya
Bay, Double Chooz and RENO, were designed to study ν¯e disappearance at short baselines ∼1 km.
These experiments use near and far detector(s) to cancel out correlated systematics in the oscillation
measurements such as the reactor flux uncertainty and thus have significantly improved precision
over single detector experiments. The big leap in precision led in 2012 to the discovery of reactor
neutrino oscillations at short baselines, implying a non-zero value of θ13 mixing angle [8, 9, 10].
The θ13 mixing angle was the last unknown in three-flavor neutrino mixing framework and its large
value opened the road towards the measurement of combined charge-parity symmetry violation in
the lepton sector.
The unprecedentedly large statistics of antineutrinos detected in current generation experi-
ments, such as Daya Bay’s nearly 4 million events [11], allows to study in detail the reactor neutrino
flux and energy spectrum shape. The measurements of the absolute reactor neutrino flux exhibit
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about 5% lower overall rate compared to the reevaluated prediction from 2011 [12, 13], which is
known as reactor antineutrino anomaly. The source of the anomaly is unknown. The existence
of sterile neutrino(s) with mass ∼1 eV was proposed as a possible explanation. Oscillation from
the electron to the sterile flavor would result in the observed deficit. Nevertheless, there might be
issues with the prediction as suggested in Daya Bay’s study of the evolution of reactor neutrino
flux and spectral shape with nuclear fuel composition. The yield particularly for 235U is different
from the measurement [14].
In addition to the discrepancy in the absolute flux, Daya Bay, Double Chooz, RENO [15, 16, 17],
as well as other short baseline experiments such as NEOS [18], observed a statically significant excess
over the prediction in the ν¯e energy spectrum at the energy range of 5 − 7 MeV. The size of this
‘bump’ structure was demonstrated to be related to the reactor neutrino production process, thus
pointing to an inaccurate prediction.
In this article, we give a brief introduction to reactor neutrino production and two basic pre-
diction methods. We mention ν¯e detection via inverse beta decay (IBD) and briefly discuss IBD
backgrounds. We describe the design of current generation of large-scale liquid scintillator experi-
ments Daya Bay, Double Chooz and RENO, highlight their similarities and differences and summa-
rize results for neutrino oscillation measurements in short baselines based on relative comparison
between near and far detectors. Finally, we focus on absolute measurements where deviations from
prediction are observed in absolute reactor neutrino flux and energy spectrum shape. We provide
some proposed explanations focusing mainly on possible prediction issues. We conclude with brief
outlook of reactor neutrino experiments.
2 Reactor Neutrinos
Fission of heavy nuclei occurs in nuclear reactors. Commercial reactor cores with up to few TW
thermal power typically use low enriched uranium (LEU) fuel where the fissions of four isotopes,
namely 235U, 238U, 239Pu and 241Pu, account for 99.9% of emitted antineutrinos. Their relative
contribution changes significantly during the fuel cycle, which last typically several months. 235U is
mostly burned in the beginning of the cycle, while plutonium isotopes are building up, with 239Pu
becoming the largest contributor at the end. On the other hand research reactors typically use
highly enriched uranium (HEU), where almost exclusively 235U is burned thoughout their whole
fuel cycle. These reactors are not as powerful as the commercial ones.
The fission products are neutron rich isotopes, which undergo a series of beta decays until they
reach stability. The reaction can be in general expressed as ANX →AN−1 Y +e−+ ν¯e. Beta decays are
a source of pure electron antineutrinos. There are ∼6 ν¯e’s produced per fission, which corresponds
to ∼2×1020 ν¯e/s/GWth. Nuclear reactors are thus the most powerful man-made sources of electron
antineutrinos. The energy of reactor neutrinos spans up to about 10 MeV.
2.1 Reactor Neutrino Flux and Spectrum Prediction
There are in general two complementary methods to predict the reactor neutrino flux and spec-
trum. The first one is summation method, where contributions of all decay branches of all possible
fission isotopes is summed with appropriate weights in order to obtain the aggregate antineutrino
spectrum. This method however involves large uncertainties for some important fission products
and suffers from the disadvantage that not all branching ratios are known. As a result, it has larger
total uncertainty compared to conversion method. The latter method turns the electron spectra for
235U, 239Pu and 241Pu, measured at ILL [19, 20, 21] in the 80s, into antineutrino energy spectra.
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Recently, electron spectrum for 238U was measured for [22] as well. The electron spectra, intrinsi-
cally summed over all possible decays, are fitted by number of virtual branches, whose shape takes
into account several aspects such as forbidden decays, etc. The recent reevaluation of the conver-
sion method for 235U, 239Pu and 241Pu isotopes [12] with the summation calculation for 238U [13],
usually referred to Huber+Mueller model, currently stands as the leading prediction model due
to lower claimed uncertainties. The reevaluation has increased the predicted flux, resulting in the
reactor antineutrino anomaly.
2.2 Detection via Inverse Beta Decay
The reaction used for reactor neutrino detection in current liquid scintillator experiments is inverse
beta decay (IBD) ν¯e + p → e+ + n. Prompt positron’s energy losses and its annihilation forms
a correlated pari with subsequent delayed neutron capture. This coincidence signature allows
to powerfully suppress the backgrounds. Moreover, the prompt energy is linked to the initial
antineutrino energy through Eν¯e ' Eprompt + 0.78 MeV, with a threshold Eν¯e = 1.806 MeV. The
neutron capture takes place on elements with high neutron capture cross-section, such as the atoms
of hydrogen naturally present in liquid scintillator or special elements that are added to improve
the delayed signal characteristics. For example, liquid scintillator of Daya Bay, Double Chooz and
RENO was doped with gadolinium in order to achieve a distinct dalayed signal of 8 MeV.
These experiments, discussed in detail later, achieved very low background amounting to only
2%, 5% and 5% of their far detecor(s) IBD samples, respectively. The largest source is accidental
coincidence of two otherwise uncorrelated signals, which happens to pass the selection criteria.
The Double Chooz experiment further employed artificial neural network to achieve a remarkable
suppression of this background. This was needed since they have included among others neu-
tron capture on hydrogen in their analysis, which experience significantly higher background rate
than neutron capture on gadolinium. Backgrounds with the largest uncertainties are linked to
cosmic-ray muons. These can produced long-lived unstable isotopes of 9Li and 8He, whose decays
irreproducibly mimic IBD signature, or produce fast neutrons which can too due to possible scatter
and subsequent capture look like IBD. Reducing these backgrounds is the primary reason these
experiments are built deep underground, where the cosmic-ray muon flux is suppressed.
3 Short Baseline Experiments: Daya Bay, Double Chooz, RENO
The current generation of large liquid scintillator experiments, Daya Bay, Double Chooz, RENO,
was designed with the aim to measure the last mixing angle to be determined, θ13. The previous
measurement done by CHOOZ [23] was able to set only upper limit due mainly to uncertainties
in the flux prediction and the absolute detection efficiency. This was addressed in the following
experiments employing functionally identical near and far detector(s). Originally proposed in [24],
the near detector provides a benchmark measurement for the far detector, which ideally sits in
an optimized distance to experience the strongest possible oscillation effect. Relative comparison
of far/near measurements in the ideal case, one reactor core and single near and far detectors,
cancels out correlated uncertainties leaving only uncorrelated, typically much lower, in play. Having
multiple reactors and detectors leaves some residual effect of the correlated uncertainties.
Table 1 summarizes the main parameters for the three experiments. Daya Bay has largest
reactor power, target mass and overburden. It is also the only experiment among these three
that deploys more than one antineutrino detector at the same experimental site, allowing to direct
comparison and test of identical performance. Double Chooz has near end far detector located
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Experiment
Reactor Power
[GWth]
Detector GdLS Mass [t]
Far (Near)
Distance [m]
Far (Near)
Overburdern [mwe]
Far (Near)
Daya Bay 6×2.9 4× 20
(2× 2× 20)
1650
(365,490)
860
(250)
Double Chooz 2×4.25 8
(8)
1050
(400)
300
(120)
RENO 6×2.8 16
(16)
1380
(290)
450
(120)
Table 1: Summary of three major experiments parameters: Reactor power, mass of near and far
detectors, their distances from reactor cores and overburden of experimental sites.
in a so-called iso-flux configuration, when both near and far detectors have the same relative
contribution from two reactors. This achieves by doing so the ideal case of correlated reactor flux
uncertainty cancelation.
All three experiments use cylindrical three-zone Antineutrino Detectors (ADs). The innermost
zone is filled with gadolinium-doped liquid scintillator. The middle zone is filled with pure liquid
scintillator and catches γ’s escaping from the central zone. The outermost zone contains photomul-
tipliers (PMTs) for scintillation light detection. This zone is filled with transparent non-scintillating
mineral oil which shields against natural radioactivity γ’s to enter sensitive volume. All zones are
separated with transparent acrylic vessel and are surrounded by a stainless steel vessel. ADs are
surrounded by a muon tagging system. In Daya Bay and RENO, it is an ultra-pure water pool
Cherenkov detector, while in case of Double Chooz it is another liquid scintillator layer, in all cases
instrumented with PMTs. Double Chooz uses an additional layer of plastic scintillators over the
detectors, while Daya Bay has four layers of resistive plate chambers.
4 Reactor Neutrino Oscillations at Short Baselines
4.1 Brief Introduction to Neutrino Oscillations
Neutrino flavor oscillations are nowadays a well established phenomenon that has been observed
in a great variety of experiments. Neutrinos are produced and detected as flavor states νe, νµ, ντ ,
which are eigenstates of the weak interactions. However, these states are not mass eigenstates, but
their superposition. The transformation between flavor and mass states ν1, ν2, ν3 is expressed by
the Pontecorvo-Maki-Nakagawa-Sakata 3 × 3 unitary matrix. The parameters of this matrix that
are relevant for neutrino oscillations are three mixing angles θ12, θ23, θ13 and one CP-violation
phase δ. Relative phase difference occurs in the neutrino propagation since the mass of neutrinos is
different. This results in periodically changing detection probability of certain flavor, a phenomenon
is called neutrino flavor oscillations.
We can study only disappearance effects with reactor neutrinos due to their energy range. The
oscillation probability is in that case:
Pν¯e→ν¯e(L,E) = 1− sin2 2θ13
[
cos2 θ12 sin
2
(
cos2 θ12
∆m231L
4E
)
+ sin2 θ12 sin
2
(
∆m232L
4E
)]
− sin2 2θ12 cos4 θ13 sin2
(
∆m221L
4E
) (1)
where E is antineutrino energy, L is the propagation distance, ∆m2ij = m
2
i −m2j are mass squared
differences, from which two out of three are independent. Due to different values of mass squared
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differences, ∆m221 being ∼30 times smaller than ∆m231, the oscillation probability has two modes
of oscillations. Oscillations at long baselines O(10 km) are driven by ∆m221 and were explored by
the KamLAND experiment [7]. Oscillations at short baselines O(1 km) are driven by ∆m231 with
an amplitude proportional to the θ13 mixing angle, which remained unknown until 2012, when the
Daya Bay experiment proved a non-zero value of θ13 with more than 5σ [25].
We should note that the probability in Eq. 1 is derived within the three-neutrino framework. The
reactor antineutrino anomaly, discussed later, together with several other measurements, could be
explained by the existence of an additional neutrino with mass squared difference ∆m2new ' 1 eV2.
Additional mass eigenstates would result in new flavor states, which would need to be sterile, i.e.
without any interaction of the Standard Model, due to the limit on number of light active neutrinos
obtained by experiments at LEP collider [26]. The search for a sterile neutrino is one of the main
priorities in the field nowadays, extending beyond reactor neutrinos.
4.2 Measurement of θ13 Mixing Angle and Mass Squared Difference ∆m
2
32
Since 2012, the Daya Bay, RENO and Double Chooz experiments have reported gradually improved
measurement of the θ13 mixing angle. The first two have also measured ∆m
2
32. A summary of the
latest measurements is shown of Fig. 1.
Experiment Value
Daya Bay nGd
0.06 0.08 0.1 0.12 0.14
sin2 2θ13
0.0856±0.0029
RENO nGd 0.0896±0.0068
Daya Bay nH 0.071±0.011
D-CHOOZ nGd+nH 0.105±0.014
RENO nH 0.094+0.015−0.013
T2K
bayessian 0.099+0.037−0.017
NH 0.105+0.027−0.024
IH 0.116+0.031−0.025
Experiment Value (10−3 eV2)
T2K
2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
|∆m232| (10−3eV2)
2.463±0.065
Daya Bay 2.471+0.068−0.070
MINOS 2.42±0.09
NOvA 2.51+0.12−0.08
IceCube 2.31+0.11−0.13
RENO (nGd) 2.63+0.13−0.14
Super-K 2.50+0.13−0.20
RENO (nH) 2.48+0.28−0.32
Figure 1: The latest measurements of the θ13 mixing angle [11, 27, 28, 16, 29, 30] and mass squared
difference ∆m232 [31, 11, 32, 33, 34, 27, 35, 29], where the normal neutrino mass hierarchy is assumed.
Using a sample of antineutrinos selected with neutron capture on gadolinium, Daya Bay provides
the world?s most precise measurement of sin2 2θ13, as well as a measurement of ∆m
2
32 that is
consistent and of comparable precision to that obtained from accelerator experiments. Double
Chooz combines their data sets obtained with neutron capture on gadolinium, hydrogen and carbon
in order to increase the statistics.
5 Reactor Neutrino Anomalies
In recent years, we have observed anomalies in the measurement of the absolute reactor neutrino
flux as well as its energy spectrum. The difference comes from a comparison of the prediction
model and the measurements, which are consistent among each other. We discuss the current state
of anomalies.
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5.1 Reactor Neutrino Flux Anomaly
Several experiments have consistently measured a reactor neutrino flux at distances O(10−100 m)
with about a 5% deficit compared to the Huber+Mueller model [12, 13]. The situation is graphically
illustrated in Figure 2, where the ratios of measurements over the prediction corrected with out
best knowledge of three-neutrino oscillations are shown. A world average ratio R = 0.947 ±
0.007 (experimental)± 0.023 (model) [36] is obtained.
The deficit can be explained by sterile neutrino oscillations. Even though sterile neutrinos do
not interact weakly, they can still take part in oscillations. The presence of an additional flavor state
would imply existence of additional mass state with the mass squared difference ∆m2new & 1 eV2
to form fast neutrino oscillations with length ∼O(m). The sterile neutrino hypothesis is supported
by several other discrepancies observed by LSND [37], MiniBooNE [38], SAGE [39] and GALLEX
[40].
More conservatively, issues with the prediction model can be behind the reactor neutrino
anomaly. The final resolution whether there are sterile neutrinos behind flux anomaly would be
observation of typical oscillation LE dependence pattern in the very short baselines. New precise
experiments located close to the antineutrino source are coming online to tackle this matter. 9
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FIG. 9. The ratio of measured reactor antineutrino yield to
the Huber+Mueller theoretical prediction as a function of the
distance from the reactor to detector. Each ratio is corrected
for the e↵ect of neutrino oscillation. The blue shaded region
represents the global average and its 1  uncertainty. The
2.4% model uncertainty is shown as a band around unity. The
measurements at the same baseline are combined together for
clarity. The Daya Bay measurement is shown at the flux
weighted baseline (578 m) of the two near halls.
With the new result, a comparison with the other
measurements is updated using the same method
presented in Ref. [29]. A summary figure is shown in
Figure 9. The Daya Bay new result on R is consistent
with the world data. The new world average of R is
0.945± 0.007 (exp.)± 0.023 (model) with respect to the
Huber-Mueller model. This more precise measurement
further indicates that the origin of RAA is unlikely to be
due to detector e↵ects.
V. SUMMARY
In summary, an improved antineutrino flux
measurement is reported at Daya Bay with a 1230-day
data set. The precision of the measured mean IBD
yield is improved by 29% with a significantly improved
neutron detection e ciency estimation. The new reactor
antineutrino flux is  f = (5.91±0.09)⇥10 43 cm2/fission.
The ratio with respect to predicted reactor antineutrino
yield R is 0.952 ± 0.014 ± 0.023 (Huber-Mueller) and
1.001 ± 0.015 ± 0.027 (ILL-Vogel), where the first
uncertainty is experimental and the second is due
to the reactor models. This yield measurement is
consistent with the world data, and further comfirms
the discrepancy between the world reactor antineutrino
flux and the Huber-Mueller model.
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5.2 Reactor Neutrino Spectrum Anomaly
Current experiments can test the reactor neutrino energy spectrum shape wit unprece e ted
precision. An excess of detected antineutrinos over the prediction is observed in the energy range
of Eν¯e = 5 − 7 MeV. Such discrepancy was reported by several experiments [15, 16, 17, 18] and
two examples are shown on Figure 3. The most precise measurement comes from Daya Bay mainly
due to the large collected statistics. The local significance of the ‘bump’ is at the level of 4.4σ [15].
The fact that the excess is correlated with reactor power [17] suggests an inaccurate prediction
model. The spectrum shape anomaly cannot be explained neither by sterile neutrino oscillations,
those would affect the whole spectrum, nor by a systematic bias related to the detector since it was
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not observed in other types of events such as the spallation 12B spectrum [15]. The exact source
of the ‘bump’ remains unknown but several hypotheses have been proposed. It might come from
238U which is currently loosely constrained, the forbidden decay corrections are not as assumed or
there is an intrinsic problem with the electron spectra used in the conversion [19, 20, 21] such as
the hardness of the neutrons used in the measurement. A partial answer can be provided by HEU
reactor experiments where only 235U is used as a nuclear fuel.Spectral distortion 
"  Empirical fit: negative slope and empirical double peak 
"  Width significant larger than energy resolution 17 
Figure 3: Examples of the excess of the measured reactor neutrin spectrum over the prediction
observed by the Daya Bay experiment [15] (left) a d by the Double Chooz experiment [16] (right).
The Double Chooz measurement suggests further structure in the bump, so far empirical.
5.3 Reactor Neutrino Flux Anomaly and Fuel Evolution
The relative contribution of four main isotopes to the number of fissions in the reactor changes
during fuel cycle in LEU nuclear reactors. Most of the fissions come from 235U in the beginning
while 239Pu builds up and is the main source at the end. Two other isotopes have a small and
rather constant contribution throughout the cycle in pressurized (light) water reactors. We expect
a change in the overall antineutrino flux with changes of fuel content since the antineutrino yield
per fission varies slightly for the four isotopes. Daya Bay reported a measurement of such reactor
neutrino flux and spectrum evolution [14] and revealed a tension between the measurement and the
evolution prediction. Although the spectrum shape evolution agrees within current experimental
precision, the evolution of the flux exhibits a different trend, as shown on the left panel of Figure 4.
Daya Bay further disentangled the yield of 235U and 239Pu, applying conservative constraints for the
other two isotopes. A deficit between the predicted and measured IBD yield per fission was found
for 235U while 239Pu agreed very well with the model as shown on the right panel of Figure 4. If
sterile neutrinos were the sole cause for the the reactor anomaly, the same deficit should be observed
in IBD yield for all isotopes. Since 235U has a significantly lower deficit then 239Pu compare to the
prediction, an equal-deficit hypothesis was disfavored by Daya Bay at 2.8σ weakening the sterile
neutrino interpretation. However, Daya Bay did not rule out sterile neutrinos completely. Further
investigation with current and upcoming experiments are needed to provide a final explanation for
the reactor antineutrino anomaly.
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4
tom panel of Fig. 1. The average effective fission fractions F¯i
for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).
Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of  fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.
The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].
To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission,  f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.
The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:
 f (F239) =  ¯f +
d f
dF239
(F239   F 239). (4)
The fit parameters are the total F239-averaged IBD
yield  ¯f and the change in yield per unit 239Pu
fission fraction d f/dF239. This fit determines
d f/dF239 = ( 1.86 ± 0.18) ⇥ 10 43 cm2/fission
with a  2/NDF of 3.5/6. The statistical errors in  f values
are the leading uncertainty in the measurement, with reactor
FIG. 2. IBD yield per fission,  f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
 ¯f between the data and prediction.
data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield  ¯f of (5.90 ± 0.13) ⇥10 43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d f/dF239
= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with  2/NDF = 115/7. The best-fit
d f/dF239 value is incompatible with this constant flux
model at 10 standard deviations ( ).
Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions fromMueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield  ¯f ,
(6.22 ± 0.14) ⇥10 43 cm2/fission, differs from the measured
 ¯f by 1.7 . This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d f/dF239 from the Huber-Mueller
model, ( 2.46± 0.06)⇥ 10 43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured  ¯f from this analysis. This predicted d f/dF239
differs from the measurement by 3.1 , indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield  ¯f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d f/dF239
to the total yield  ¯f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-
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spectively, are incompatible at 2.6  confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2
was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as
 af =
X
i
F ai  i, (5)
where F ai are the effective fission fractions for each isotope,
and  i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation
 f = F , (6)
where  f is an eight-element vector of the measured IBD
yields,   is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a  2 test statistic
 2 = ( f   F )>V 1( f   F ), (7)
which allows a scan over the full   parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements  f .
FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission  235 and  239. The red triangle indicates the best fit  235
and  239, while green contours indicate two-dimensional 1 , 2  and
3  allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1  allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional   2 profiles for  235 and  239,
respectively.
In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was
accomplished in Eq. 7 by adding terms ( i    ˆi)2/✏2i for
238U and 241Pu, where  ˆi and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for  ˆi were taken from Ref. [4]
for 238U (10.1⇥10 43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10 43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.
The IBD yields from 235U and 239Pu,  235 and
 239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10 43 cm2/fission, respectively. Allowed regions and
one-dimensional  2 profiles for  235 and  239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
 f . The 10% uncertainties assigned to  238,241 provide a
subdominant contribution to the uncertainty in  235 and  239.
This  235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15)⇥10 43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
 235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured  239 value is consistent with the predicted value
of (4.36±0.11)⇥10 43 cm2/fission within the 6% uncertainty
of the measurement.
By applying additional constraints on  f in Eq. 7, these
 235 and  239 results were tested for consistency with hypo-
thetical f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured  235 should devi-
ate from its predicted value while  238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by  2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by  2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by   2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8  and 3.2  confidence
levels, respectively.
To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where  f =
P
j Sj , the sum of IBD yields in
all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.
Figure 4: The evolution of reactor neutrino flux xpressed as IBD yield per fission as a function
of effective 239Pu fission fraction [14] (left). The slope of Daya Bay measurement (red li e) does
not match the predicted evolution of Huber+Mueller model (blue curve), which was corrected for
the reactor antineutrino anomaly effect. The Daya Bay measured IBD yield per fission of 235U
and 239Pu [14] and the comparison with Huber+Muell r prediction mod l [12, 13] (right). The
measurement is clearly lower than the prediction for 235U while 239Pu is in good agreement.
6 Reactor Neutrino Experiment Prospects and Concl sions
Reactor neutrino experiments currently are also at the front line for addressing two pending ques-
tions in neutrino physics: neutrino mass hierarchy and possible existence of sterile neutrinos.
The JUNO experiment currently under construction in China plans to measure reactor neutrino
oscillations at the baseline of ∼52.5 km [41]. JUNO will consist of a spherical 20 kt liquid scintillator
detector, the largest of its kind, with a superb energy resolution of <3% at 1 MeV. It will be the
first experiment to observe both ∆m221-driven ∆m
2
32-driven oscillations and due to that it will be
able to determine the neutrino mass hierarchy with >3σ significance. This is indeed allowed by
the large value of the θ13 mixing angle. JUNO will also measure the θ12, ∆m
2
21, ∆m
2
32oscillation
parameters with <1% precision. The experiment will also be a powerful observatory for neutrinos
from many other sources i addition to nuclear reactors. There will be a rich program for neutrinos
from other sources, such as geoneutrinos, supernova neutrinos etc.
The next ge eration f precise very short baseline experiments such as NEOS, PROSPECT,
STEREO, DANSS [18, 42, 43, 44] etc. starts to provide results. These experiments, which are
located at O(10 m) baselines, are sea ching for terile neutrinos with ∆m2new ≈ 1 eV2. In addition,
hey will provide precise measureme ts of the reactor neutrino spectrum, which is particularly
interesting for hose locate at HEU research reactors. These reactors use primarily 235U as a fuel,
limiting the spectral prediction to a single isotope and allowing for a direct comparison with the
prediction. We note, that Daya Bay experiment suggested ∼8% lower flux than predicted for this
isotope [14].
Reactor antineutrinos were, are and will be great tools for investigating neutrino properties.
The era of precise measurements not only provided us the value of the θ13 mixing angle value
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but also revealed several deviations from our reactor neutrino prediction models: a deficit of the
overall flux and particular flux of 235U as well and excess in the reactor antineutrino spectrum in
the energy range of 5− 7 MeV. Upcoming experiments plan to address these anomalies while also
focusing on on elementary neutrinos properties such as determination of neutrino mass hierarchy.
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